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The Palmer Long-Term Ecological Research (LTER) area, the area west of the Antarctic Peninsula, is an
important component of the Antarctic marine ecosystem which is composed of a coastal and continental shelf
zone (CCSZ) annually swept by the marginal ice zone (MIZ). This coastal component of the Antarctic marine
ecosystem is influenced by meltwater from glaciers and icebergs, inclusive of areas providing some protection
from wind and storms, potentially enriched by essential micronutrients from land, supportive of massive blooms
that do, in fact, reduce macronutrients and supportive of relatively high levels of primary productivity. We pre-
sent an overview of the temporal and spatial variability in phytoplankton biomass and primary productivity for
the LTER area based on ship and satellite data collected in this region and summarize factors controlling pri-
mary productivity. If historical data are representative, considering the complex space/lime variability of the
area, then the average primary productivity of this region is of the order of a few hundred gC m? y! which,
while about a factor of 5 lower, is roughly comparable to other productive coastal areas of the world's oceans.

1. INTRODUCTION

Waters of the Southern Ocean are characterized by a pro-
nounced seasonal variability in incoming solar radiation, low
temperatures, high inorganic nutrients, as well as the presence,
formation, and melting of sea ice. The Antarctic marine
ecosystem, which is composed of an interconnected system of
hydrographic and biogeochemical sub-divisions [Treguer and
Jacques, 1992], includes open ocean, frontal regions, shelf-
slope waters, sea ice and marginal ice zones. This ecosystem
is bounded on the north by the Polar Front and the south by the
Antarctic continent and is among the largest readily defined
ecosystems on Earth ( 36 x 10° km?) [Hedgpeth, 1977; Young,
1991]. Oceanic and atmospheric processes and biogeochemi-
cal fluxes within this system are globally significant, sensitive
to perturbation and poorly understood relative to more accessi-
ble marine ecosystems [Harris and Stonehouse, 1991; Johan-
nessen et al., 1994). Trophic relationships within this system
are complex, yet often with few trophic links separating phyto-
plankton from top predators, and this ecosystem is an environ-
ment high in macronutrients relative to other large ocean envi-
ronments [Liano, 1977; Smith, 1990]. We do not yet have an
adequate understanding of the chemical, optical, physical and
biological processes regulating primary production and the
subsequent carbon fluxes within this ecosystem, nor do we yet
understand fully the fundamental similarities and differences
between this important marine system and those in more tem-
perate latitudes. Indeed, understanding processes regulating
this high nutrient, low plankton biomass environment is a key

outstanding problem. Here we review factors controlling phy-
toplankton growth and accumulation in waters of the Southern
Ocean, gather pigment biomass and phytoplankton productiv-
ity data from the western Antarctic Peninsula region, and sum-
marize general characteristics of this marine ecosystem based
upon historical data (Figure 1).

Most investigators of the Southern Ocean, from the first
explorers up to the 1970s, believed that the Southern Ocean
was a rich ecosystem with high levels of primary
production [Jacques, 1989]. Now, with the advent of more
comprehensive sampling, it is generally believed that primary
production in the Antarctic is low, even though nutrient levels
are high [El-Sayed, 1978; Jacques, 1989; Priddle et al., 1986a;
Holm-Hansen and Mitchell, 1991). This opinion may again
come under question with the advent of satellite technology
and increased spatial/temporal sampling since accurate esti-
mates of large scale phytoplankton distributions, both spatially
and temporally, are difficult to obtain with traditional ship-
board measurements. This is particularly true in light of the
inaccessibility of the Southern Ocean during much of the year.
Imagery from the Coastal Zone Color Scanner (CZCS) was
used recently by Sullivan et al. [1993] and Comiso et al.
[1993] to investigate the distributions of phytoplankton blooms
in the Southern Ocean, and by Arrigo and McClain [1994] to
analyze blooms of phytoplankton in the western Ross Sea.
Using this approach, they concluded that the spring-to-summer
primary productivity was three to four times the values previ-
ously reported for this region. Thus, the detection and map-
ping of phytoplankton blooms are crucial to estimating the
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Fig. 1. Seasonal distributions of station locations (diamonds) for historical chl-a and productivity
data (listed in Tables 1 and 2) in the Palmer LTER region west of the Antarctic Peninsula (shown in
stereographic projection). The latitude-longitude grid (light lines) is from 61-73°S latitude and
from 65-75°W longitude. Cardinal stations comprising the LTER large scale sampling grid are
indicated by +'s. Seasons are defined as: spring (Sept, Oct, Nov), summer (Dec, Jan, Feb), fall
(Mar, Apr, May) and winter (June, July, Aug). The thin solid line shows the 500 m bottom contour,
an indicator of the shelf break.
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total productivity of remote regional areas, such as the Palmer
LTER area west of the Antarctic Peninsula.

Sea ice is a distinguishing characteristic of the Antarctic

marine ecosystem, and its spatial and temporal variability is
expected to affect all trophic levels, both directly and indi-
rectly. In particular, sea ice modulates and may often be a
major factor regulating the timing and magnitude of seasonal
phytoplankton productivity in the Southern Ocean. The
marginal ice zone (MIZ) can be viewed as an oceanographic
front which often supports high biological productivity. Fac-
tors (e.g., temperature, light, nutrients) and processes (e.g.,
water column stability, grazing, sinking, advection) which reg-
ulate primary production in temperate waters are themselves
often linked to, or modulated by, the presence or absence of
sea ice in these waters. Further, sea ice may act as a repository
or an inoculum for algae, storing remains of a fall bloom for
release the following spring [Garrison et al., 1986].
"~ Low temperatures are known to reduce metabolic processes,
may effect the efficiency of nutrient utilization [Tilzer et al.,
1986] and have long been thought to depress phytoplankton
growth [Saijo and Kawasha, 1964]. However, understanding
of the overall influence of low temperatures on the marine
ecosystem remains problematic, and the response of the sys-
tem, for example to possible warming, may be more influenced
by indirect effects (e.g., sea ice, water column stability) than
temperature per se.

Seasonal variability in photosynthetically available radia-
tion (PAR) clearly plays a primary role in the control of pri-
mary productivity on a seasonal basis, with nearly continuous
darkness in winter alternating with continuous light in summer.
For open ocean areas, Sverdrup’s hypothesis linking depth of
the euphotic zone, the mixed layer depth, photosynthesis and
respiration to a critical depth below which productivity cannot
be sustained has been invoked as an important mechanism lim-
iting standing stock [Mitchell and Holm-Hansen, 1991b; Nel-
son and Smith, 1991]. However, use of the concept of critical
depth in Antarctic waters remains controversial [Priddle et al.,
1986b] and has recently been reviewed [Platt et al., 1994].
Phygoplankton blooms within the MIZ are hypothesized to
play a significant role in the overall productivity of the South-
em Ocean. Melting ice induces water column stability which
concentrates and restricts algal blooms to the well illuminated
upper layer [Smith and Nelson, 1986; Wilson et al., 1986; Nel-
son et al., 1987]. In contrast, PAR under extensive ice cover is
relatively low and significantly limits photosynthesis and
growth.

Macronutrients (nitrate, silicic acid, and phosphate) are usu-
ally plentiful, except in some coastal inlets and are not consid-
ered to be a key factor limiting phytoplankton productivity.
The role of micronutrients, for example iron, is controversial,
and we are far from understanding the role, if any, of trace
nutrients in the Southern Ocean [Buna et al., 1991; de Baar et
al., 1995]. Further, the potential roles of heterotrophic
microorganisms, both open ocean and those associated with
sea ice communities, are poorly known. Grazing by microzoo-
plankton has also been suggested as a mechanism for main-
taining low plant biomass and consequently low nutrient
uptake [Miller et al., 1991; Frost, 1991; Mitchell and Holm-
Hansen, 1991a]. Again, relatively little is known to either sup-
port or refute this hypothesis. As a consequence of these
uncertainties, potentially significant elements of trophic
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organization associated with phytoplankton productivity are
currently unknown.

The Palmer LTER area, the area west of the Antarctic
Peninsula, is a complex combination of two distinctive func-
tional  sub-divisions of the Antarctic  marine
ecosystem [Treguer and Jacques, 1992]. It is a coastal and
continental shelf zone (CCSZ) and is a part of the seasonal sea
ice zone (SIZ) swept by the yearly retreat of sea ice. It is a
complex area where typical on/offshore gradients in bottom
topography and in the physical, optical, chemical and biologi-
cal water column characteristics are modulated alongshore by
the advance and retreat of sea ice. Here we refer to this com-
ponent of the Antarctic marine ecosystem as the west Antarctic
Peninsula coastal ecosystem, or coastal ecosystem for short.
In addition to enhanced productivity associated with the MIZ,
there is evidence that large phytoplankton blooms are a consis-
tent and geographically significant component of primary pro-
ductivity within this coastal ecosystem [Holm-Hansen et al.,
1989]. Consequently, this coastal ecosystem is higher in phy-
toplankton biomass and productivity and likely combines a
more complex mix of controlling processes than more pelagic
areas of the Antarctic marine ecosystem. Compared with other
areas of the world's oceans, there are relatively few phyto-
plankton biomass and productivity data for the Southem
Ocean. Within the Palmer LTER area, most historical data are
concentrated in the northern area of the Peninsula. We present
an overview of the temporal and spatial variability in phyto-
plankton biomass (measured as chlorophyll-a) and primary
productivity for the LTER area based on data collected in this
region during the past 30 years (1960-1990) of Antarctic
research. We also summarize major factors which are thought
to regulate the abundance and distribution of phytoplankton in
the Southern Ocean and discuss the possible contributions of
these factors to the observed patterns.

2. PRIMARY PRODUCTIVITY CONTROLS

Primary production in the Southern Ocean may be regulated
by a number of factors. Regulation can occur either by factors
that control cell growth rates (temperature, light, and nutrients)
and/or by those that control the accumulation rate of cells in
the euphotic zone and hence population growth (grazing, water
column stability, and sinking). These factors are not mutually
exclusive and all or a combination of these factors may regu-
late primary production in different areas of the Southem
Ocean.

2.1. Temperature

The question arises whether phytoplankton of the Antarctic
have adequately adapted to the cold temperatures of their envi-
ronment. Phytoplankton communities at the ice edge are
exposed to temperatures as low as -1.8°C and near surface
waters of the open ocean are typically between -1.8 and
3°C [Jacques, 1989). In general, metabolic processes (e.g.,
enzymatic reactions involved in carbon fixation) are slower
with lower temperatures and efficient utilization of nutrients
may be impossible [Tilzer et al., 1986].

The effects of temperature on primary production have been
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investigated for several Antarctic marine phytoplankton. In the
western Scotia Sea and Bransfield Strait, Neori and Holm-
Hansen [1982] found that photosynthetic rates increased
between 4.5 and 7°C and rates decreased above 7-8°C. They
conclude that in Antarctic surface water during the austral
summer, the rate of photosynthesis was limited by thermody-
namic effects on metabolic reactions. Similarly, Tilzer et al.
[1986] found that at the low temperatures occurring in the Sco-
tia Sea and Bransfield Strait region both light-saturated and
light-limited photosynthesis were temperature-dependent.
This was attributed to a temperature dependence of maximum
quantum yields [Tilzer et al., 1986; Tilzer and Dubinsky,
1987]. Both photosynthetic capacity (photosynthesis per unit
chlorophyll biomass at optimum irradiance) and maximum
quantum yield were, on average, lower in Antarctic phyto-
plankton than for populations from more temperate latitudes.
These researchers also measured photosynthesis and respira-
tory losses for Antarctic phytoplankion and found that the Q,,
value for photosynthesis is lower (1.4 - 2.2) than for respira-
tion (23 - 12). They suggest that under nutrient-replete and
near zero temperature conditions of the Southern Ocean this
differential temperature dependence is a key factor in control-
ling phytoplankton productivity by maintaining a more posi-
tive biomass balance than would be anticipated in warmer
waters. This lower respiration during winter minimizes
metabolic costs and enhances survival of an inoculum to initi-
ate a population build-up in spring. Tilzer et al. [1986] also
conclude that Antarctic marine phytoplankton have not
evolved mechanisms to overcome the inhibitory effects of low
temperature on photosynthesis, although the temperature opti-
mum for photosynthesis was low by comparison with phyto-
plankton from lower latitudes.

More recently, Wiencke et al. [1993] studied the photosyn-
thetic performance of macroalgae from Antarctica in the labo-
ratory. They determined that the brown and red algal species
exhibited higher rates of maximal photosynthesis (P?.,) at
0°C than Arctic species measured at similar temperatures.
Moreover, temperature optima for photosynthesis were lower
in several Antarctic species than in temperate and Arctic
species. Optimum temperatures for photosynthesis in their
experiments ranged from 5 to 20°C depending on the species,
which is generally higher than ambient temperatures in the
Antarctic. Additionally, the photosynthesis to respiration
ratios (P:R) strongly decreased with increasing temperatures.
Based on these results, Wiencke et al. [1993] conclude that the
algae have undergone considerable physiological adaptation to
the prevailing low temperature conditions of the Antarctic, but
may not be at their optima for production.

However, other evidence suggests that temperature optima
for growth or increased biomass may be relatively close to
ambient temperatures [Priddle et al., 1986b]. Also, Uno
[1983] found that maximal chl-a concentrations occurred
within the temperature range of -1.4 to -0.3°C in the Indian
Ocean. Further, the presence of massive phytoplankton
blooms clearly demonstrates that rapid growth is possible at
ambient temperatures, and the relative constancy of tempera-
ture in Antarctic waters cannot account for the spatial variabil-
ity seen in phytoplankton biomass or production at all scales of
observation [Bidigare et al., 1988]). Thus, while temperature
seems lo exert some pressure, and may in fact set an upper
limit for specific growth of phytoplankton, the presence of
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areas with very high biomass in the Southern Ocean indicates
that low temperatures are not a dominant limiting factor for the
population growth of phytoplankton.

2.2. Light

The Antarctic ecosystem is subject to large variations in
incident radiation. The amount and quality of light utilized by
Antarctic phytoplankton is dependent on several factors: (1)
seasonal variations in incident radiation, (2) diel variations in
incident radiation, (3) atmospheric conditions (e.g., clouds),
(4) ransmission across the air/sea interface which can be ice
and snow covered, (5) optical properties of the water, (6)
movements of algae within the water column, and (7) light har-
vesting capabilities of algae. All these factors lead to high
variability in the imradiance regime and thereby effect the
growth rate of phytoplankton. However, phytoplankton
respond to variable irradiance by photoadaptive processes,
including alteration of the photosynthetic apparatus of the cells
and shifts in the carbon to chlorophyll ratio (C/chl-a), which
works to minimize the impact of variable irradiance on growth
rates [Sakshaug and Holm-Hansen, 1986].

To the extent that regional productivity is controlled by
physical factors (e.g., temperature and light), it is generally
expected that photosynthesis vs. irradiance (P-I) parameters
should reflect characteristics of the environment. Reviews
have shown that different communities of polar phytoplankton
exhibit considerable variation in photosynthetic parameters,
and some general conclusions have begun to emerge [Harrison
and Platt, 1986; Smith and Sakshaug, 1990].

Investigations indicate that most Antarctic phytoplankton
are adapted to handle low light conditions and are considered
to be shade-adapted. In other words, the light intensity needed
to saturate photosynthesis ( I; ) has been found to be lower in
Antarctic regions than for low latitude regions [Jacques, 1983;
Sakshaug and Holm-Hansen, 1986; Tilzer et al., 1986; Cabr-
era and Montecino, 1990; Wiencke et al., 1993; Figueiras et
al., 1994]. Lower values for the maximum photosynthetic rate
(P? &) for polar phytoplankton are generally attributed to low
temperatures. The initial slope of the P-I curve (&) for low-
light-adapted phytoplankton is, on average, slightly lower than
high-light-adapted phytoplankton from lower latitudes. The
photoinhibition parameter (f) is higher in low-light-adapted
phytoplankton with the expectation of increased susceptibility
to inhibition.

Tilzer et al. [1985] concluded that due to reductions in pho-
tosynthetic capacity and lower light-limited quantum yields,
phytoplankton in Antarctic waters utilize incident light ineffi-
ciently, even in situations where biomass accumulation is high.
They argue that the low water temperatures are responsible for
this reduction in utilization efficiency of incident radiation.
Others [Figueiras et al., 1994; Helbling et al., 1995] deter-
mined that I, values for phytoplankton correspond to the
mean light available in the mixed water column and suggest
that Antarctic phytoplankton are adapted to take maximum
advantage of the light available in a rapidly mixed water col-
umn where nutrients are not limiting. Both incident surface
irradiance and the average irradiance within a deeply mixed
water column are relatively low, so these results illustrate the
important influence exerted by the environment from which the




e Pt . S .

SMITH ET AL.: PHYTOPLANKTON BIOMASS 337

phytoplankton were collected. Sakshaug and Holm-Hansen
[1986] also state that "the most extreme photoadaptational
flexibility may be found in ice-edge communities.” Given the
vastly differing light regimes that ice-edge communities expe-
rience (e.g., fully shaded under the ice vs. complete surface
illumination), this photoadaptive flexibility is not surprising.
The above observations are relevant for non-winter periods.
The winter period, with short days and low light levels, has
been shown to have low productivity and to add a relatively
minor contribution to yearly production [Brightman and Smith,
1989].

Water column stability (see below) and the in-water light
regime establish the relative magnitudes and time scales of
mixing and photoadaptation of phytoplankton [Lewis et al.,
1984]. Within the context of these time scales, the layer in
which there is a net gain of photosynthesis (i.e., photosynthesis
exceeds respiration) is considered to be the euphotic zone.
The depth of the euphotic zone is conventionally considered to
be the depth to which 1% of the surface radiation penetrates.
In early work, Burkholder and Mandelli [1965] determined
that more than half of the chl-a content was below the euphotic
zone. Similarly, in the Ross Sea, El-Sayed et al. [1983] found
that more than 25% of the water column productivity occurred
below the euphotic zone and concluded that Antarctic phyto-
plankton are capable of net photosynthesis at depths signifi-
cantly below the conventional 1% light depth. Bodungen et al.
[1986] considers the euphotic zone to extend to the 0.1% light
level and shows several profiles of carbon assimilation rates
(mg C (mg chl-a)?! h'!) that remain fairly constant from the 1%
to the 0.1% light level. Similarly, Weber and El-Sayed [1987]
reported several stations in the Bransfield Strait where primary
productivity did not drop off until well below the 1% light
level. These data suggest that there likely is photosynthesis
occurring below the 1% light level, but results to date have not
included complete consideration of time scales of mixing and
photoadaptation and the significance of viable phytoplankton
at depths below the 1% light level remains unknown.

In addition to light used in photosynthesis (primarily in the
visible region of the spectrum), radiation in the ultraviolet
region may also play a role in Southern Ocean primary produc-
tion. There is considerable evidence that ultraviolet radiation
(UV) can cause biological damage at the molecular, cellular,
population and community levels [Smith and Cullen, 1995;
Hader et al., 1995]. The springtime stratospheric ozone layer
over the Antarctic is thinning (the proverbial “ozone hole”) and
results in increased midultraviolet (UVB, 280-320 nm) radia-
tion reaching the surface of the Southern Ocean [Smith et al.,
1992a). Smith et al. [1992a), during a 6-week cruise in the
marginal ice zone of the Bellingshausen Sea, conclusively
measured a UV-B impact on Antarctic phytoplankton commu-
nities located under the ozone hole. While the ecological sig-
nificance and magnitude of this impact continue to be debated,
the fact remains that the Southern Ocean is currently experi-
encing enhanced levels of UVB, with a measurable impact on
Southern Ocean phytoplankton productivity.

High variability in the irradiance regime is reflected in con-
siderable variation in photosynthetic parameters and indicate
that observed P-I values represent one extreme of an environ-
mental continuum. Daylength, because of its wider range,
appears to have a more pronounced effect on high-latitude
algal growth rates [Gilstad, 1987] than for low-latitude com-

munities. , In addition, ice and snow cover are highly
attenuating and greatly reduce the magnitude and increase the
variability of available PAR. The question of water column
mixing is critical to a description of the in-water irradiance
regime, and physical factors (e.g., sea ice, wind) regulate both
the PAR available at depth and time scales at which phyto-
plankton experience the variable light regime. Thus, even
though Antarctic phytoplankton have adapted to low light con-
ditions, their use of light may strongly depend on the marine
habitat and the corresponding light history in which the plank-
ton are found.

2.3. Nutrients

In general, the pools of macronutrients (phosphate, nitrate,
and silicate) in Antarctic waters are observed to be far in
excess of phytoplankton needs and are, therefore, not believed
to limit phytoplankton growth [Bidigare et al., 1988; Jacques,
1989; Martin et al., 1990]. However, there may be mesoscale
areas of significant macronutrient depletion. Holm-Hansen et
al. [1989], studying phytoplankton blooms in the vicinity of
Palmer Station, presented clear evidence that massive coastal
area blooms may lower nutrient concentrations to such a
degree that one or more nutrients may be limiting with respect
to growth rates. This work has important implications since
they also suggest that large blooms seem to be characteristic of
the coastal ecosystem both on a yearly basis and over signifi-
cant geographic areas. Nelson and Treguer [1992] recently
reported an intense, diatom-dominated, ice-edge phytoplank-
ton bloom in the southwestern Ross Sea that resulted in deple-
tion of silicic acid, nitrate, and phosphate to unusually low
concentrations. They argue that silica limitation may limit
diatom growth in these situations. However, they report that
significant silica limitation in open ocean areas of the Southen
Ocean is not likely, given the observed affinity for silicic
acid [Nelson and Treguer, 1992].

Considerable effort has been devoted to testing the potential
role of micronutrients (vitamins and trace metals) in limiting
Antarctic biomass and production. The low concentrations of
vitamin B,, and thiamin may play a limiting role in phyto-
plankton growth or in controlling the species composition
[Bidigare et al., 1988; Jacques, 1989]. Hayes et al. [1984] car-
ried out enrichment experiments using macronutrients iron,
copper, zinc, manganese and a vitamin mixture and found no
significant increase in carbon fixation or phytoplankion
growth. Jacques et al. [1984] carried out enrichment experi-
ments using zinc, molybdenum, cobalt, manganese, and iron
and showed that these trace metals do not limit primary pro-
duction. However, with the advent of trace-metal clean tech-
niques, these results have been questioned and new interest in
the role of trace metals limitation, particularly iron, has been
aroused [Martin et al., 1990].

The primary input of iron to the oceans occurs via acolian
dust blown onto the surface. Consequently, open ocean iron
concentrations in surface waters generally exist at picomolar
levels and may not be sufficient to support maximum phyto-
plankton production and growth. Using trace-metal clean tech-
niques, addition of iron to seawater samples of high nutrient,
low chlorophyll waters has been shown to stimulate the growth
of phytoplankion, especially diatoms [Martin et al., 1990;
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de Baar et al., 1990]. It is important to note that iron did not
stimulate growth in all of the experimental samples under anal-
ysis. Furthermore, in several of these experiments, phyto-
plankton growth was also observed in control samples that
were not subject to iron enrichment [de Baar et al., 1990;
Banse, 1991; Buma et al., 1991].

How one extrapolates these types of shipboard and labora-
tory experiments to whole ecosystems is an important ques-
tion. Brandini [1993] studied phytoplankton biomass accumu-
lation in a stable water column in Admiralty Bay (King George
Island) that had non-limiting iron concentrations. He found
that the grazing pressure precluded phytoplankton biomass
accumulation, even though the light/nutrient regime was opti-
mum. In another study, Holm-Hansen et al. [1994] recently
hypothesized based on circumstantial evidence, that the deep
surface chl-a maxima (50-100 m depth) consistently found in a
certain region of the Antarctic waters around Elephant Island
are indicative of a micronutrient limitation, such as iron.

A comprehensive in situ experiment on iron limitation of
phytoplankton in high nutrient, low chlorophyll waters was
conducted by enriching a 64 km? area in the open equatorial
Pacific [Martin et al., 1994]. After the iron enrichment, Mar-
tin et al. [1994] detected a doubling of plant biomass, a three-
fold increase in chlorophyll, and a fourfold increase in plant
production. In addition, Kolber et al. [1994] used a sensitive
fluorescence method and found an increase in the quantum
efficiency of photosystem II (PSII) and cellular chlorophyll in
all phytoplankton size classes in response to this iron enrich-
ment. While the experiment showed an apparent short-term
biological response to iron enrichment, the effect of the enrich-
ment was small relative to the biogeochemical effect that could
have been achieved if all the major nutrients were consumed.
More recently, a similar iron enrichment experiment was com-
pleted in June 1995 in the same area of the Pacific Ocean. In
this experiment, instead on one large addition of iron, iron was
added in three smaller doses. Preliminary results indicate a
dramatic 30- to 40-fold increase in chlorophyll and absorption
of 350,000 kg of carbon dioxide from the seawater as a result
of the iron enrichment [Monastersky, 1995]. Unlike the earlier
experiment where a front of low-salinity water forced the iron
enriched water to sink, the treated water in this latest enrich-
ment experiment stayed at the surface throughout the experi-
ment making the iron more available to phytoplankton. These
results provide evidence that iron could control the rate of phy-
toplankton growth in parts of the ocean. How this translates to
the HNLC waters of the Southern Ocean remains an outstand-
ing question. Conclusions drawn from the use of models
[Peng and Broecker, 1991a; Peng and Broecker, 1991b;
Mitchell and Holm-Hansen, 1991b] suggest that massive iron
additions to the Southern Ocean would fail to significantly
sequester CO, without an additional mechanism for increasing
stratification of the upper layers, thus indicating the synergistic
interaction of factors limiting phytoplankton growth. The
issue of iron limitation continues to be debated [de Baar et al.,
1995; Wells et al., 1995].

2.4. Grazing

Grazing is known to affect phytoplankton growth and distri-
bution in a number of ways. An inverse relationship is often
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noted between phytoplankton biomass and zooplankton, par-
ticularly krill populations [Bidigare et al., 1986; Bidigare et
al., 1988; Jacques, 1989; Ross and Quetin, 1991]. Obviously,
intense grazing by krill can limit the growth of phytoplankton
populations. In an experimental mesocosm, Price [1989]
demonstrated that krill density grew by an order of magnitude
within only 1/2 hour of a phytoplankton bloom and argues that
krill have the ability to detect and remain within a phytoplank-
ton patch. This suggests that predator-prey cycles can be rapid
in the Southern Ocean and grazing from predators could serve
to limit phytoplankton populations.

The amount of grazing may be indicated by the concentra-
tions of phaeopigment relative to chl-a. Zooplankton grazing
is the dominant source of phaeophorbide-a, which is formed
during the sequential breakdown of chl-a during zooplankton
digestion [Bidigare et al., 1986]. Based on the concentrations
of phaeophorbide-a, researchers have concluded that phyto-
plankton abundance in parts of the Southern Ocean can be
physically controlled and modified by zooplankton grazing
activity [Bidigare et al., 1986; Jacques and Panouse, 1991].

Not only can grazing influence hourly and daily variability
in phytoplankton, it can also effect seasonal variations in phy-
toplankton. Priddle et al. [1986b] discuss an instance when
the standing stock of krill in the winter around South Georgia
was much lower than expected, while phytoplankton concen-
trations were higher than expected. Without the typically high
krill populations, the phytoplankton concentrations were not
diminished to their normal low levels expected at this time.
The normal winter decline of phytoplankton may be attributed
to zooplankton grazing effects exceeding phytoplankton
replenishment by growth. On a similar seasonal time scale,
Minas and Minas [1992] conclude from their net community
production analysis of the Antarctic that if both the grazing
and iron hypotheses are valid in the Antarctic Ocean, the iron
limitation starts late, when most of the yearly photosynthesis
period is over. Additionally, Jacques and Panouse [1991]
hypothesize that a grazing induced seasonal cycle in the Wed-
dell/Scotia system during early summer changes from a new
production based ecosystem towards a regenerated system and
progresses from north to south, partially associated with the
retreat of the pack ice. In addition to both daily and seasonal
time scales, the effects of grazing on phytoplankton biomass
and production have not been explored on interannual and
longer time scales.

Grazing may influence also the species composition and
size distribution of phytoplankton. Weber and El-Sayed [1987]
report that the Southern Ocean phytoplankton community is
largely dominated by nanoplankton (cells < 20 gm ) and
picoplankton cells (< 1 gm ). They find, in the Drake Pas-
sage/Bransfield Strait region, that the integrated water column
chl-a was 39-98% nanoplankton and 5-74% picoplankton. Vil-
lafane et al. [1993] found near Elephant Island only 30-50%
nanoplankton and 50-70% microplankton. However, this pre-
ponderance of small sized plankton may not accurately reflect
the active phytoplankton population in the Southemn Ocean.
Gieskes and Elbrachter [1986] demonstrated that a large por-
tion of the chlorophyll measured in the nanoplankton size frac-
tion is due to the presence of free-floating, extracellular chloro-
plasts that have been released from the cells by turbulent
storms or by grazing. Reportedly, at low temperatures prevail-
ing in Antarctic waters, these free-floating chloroplasts remain
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fluorescent and may even be able to take up “C for several
days. The fragility of cells in old phytoplankton populations,
and thus the propensity to cause free-floating chloroplasts, is
greater than in populations that are growing actively and are in
good physiological condition. Such reasoning may explain the
instances when low nanoplankton concentrations are found in
regions where chlorophyll concentrations are high (new popu-
lations) and vice versa,

Heavy selective grazing on phytoplankton by various types
of zooplankton (protozoans, copepods, salps, krill) could also
lead to an actual shift in species composition and a significant
reduction in the biomass of larger, bloom-forming phytoplank-
ton. Jacques and Panouse [1991] demonstrate that the high
nanoplankton concentrations found in the marginal ice zone
consist of active, small diatoms, prymnesiophytes and crypto-
phycean and were not the product of chloroplast particles.
They conclude that the high proportion of nanoplankton may
have arisen due to grazing pressure by krill on large cells.
Moreover, shipboard grazing experiments have shown that dif-
ferent size fractions of krill consume all particles with the
same efficiency except the nanoplankter cryptophycean, which
are often the only phytoplankton left at the end of the
experiment [Jacques and Panouse, 1991]. Thus, grazing may
play a role in determining the size structure of the phytoplank-
ton in the Southern Ocean.

2.5. Water Column Stability

There is considerable evidence to suggest that stability of
the water column plays a crucial role in controlling primary
production in the Southern Ocean. With vertical mixing of the
water column, phytoplankton may not be allowed to remain in
a favorable light regime for photosynthesis. This is especially
true for the Antarctic system which is characterized by high
winds and often deep, well mixed waters. As early as the
1930s, Hart [1934] considered water column stability to be the
controlling factor for phytoplankton biomass buildup and spec-
ulated that zooplankton grazing was the most likely reason for
its decline thereafter. Bidigare et al. [1986] found the highest
pigment concentrations in stratified waters where vertical sta-
bility was enhanced. In their evaluation of the extensive
BIOMASS dataset, Priddle et al. [1994] observed that very
unstable water columns had low biomass, and that very high
biomass only occurred in stable water columns.

Several researchers have utilized mathematical models in an
attempt to evaluate the sensitivity of bloom formation and
water column stability. Sakshaug et al. [1991] used a one-
dimensional ecosystem model to determine that periodic deep
mixing caused by strong winds may severely retard the devel-
opment of blooms before macronutrients have been exhausted.
Moreover, even modeling with moderate mixing depths (40-50
m) and moderate loss rates, bloom development was prevented
during the brightest time of year. Using a similar approach,
Mitchell and Holm-Hansen [1991b] concluded that phyto-
plankton bloom development is dependent upon the factors
that control vertical mixing and phytoplankton loss rate.

The vertical stability generated by meltwater during the
retreat of the MIZ have been hypothesized to cause ice-edge
blooms [Gran, 1931; Marshall, 1957; Smith and Nelson, 1986;

Smith et al., 1987]. Observations and modeling of the MIZ in
the Weddell Sea showed that the initiation of the phytoplank-
ton bloom was determined by physical processes operating in
the MIZ at the time of ice melting [Lancelot et al., 1993]). The
duration, strength and frequency of wind mixing events deter-
mined both the distance of the phytoplankton bloom from the
ice edge and the occurrence of secondary phytoplankion
blooms in the ice-free area during the summer period. The
magnitude and extent of ice edge blooms is thus determined by
the combined action of meltwater stability and meteorological
conditions.

3. PHYTOPLANKTON BIOMASS AND
PRODUCTION WEST OF THE
ANTARCTIC PENINSULA

3.1. Historical Data

There are relatively few in situ observations of chl-a con-
centration and primary production west of the Antarctic Penin-
sula (Tables 1 and 2). Historical data for this region of the
Southern Ocean are strongly biased by season, with most
observations in spring and summer and virtually none in win-
ter, as well as by location, with most data from the northem
portion of the region in the vicinity of the South Shetland
Islands (Figure 1). Thus, annual estimates based on these
determinations will be biased by the summer weighted sam-
pling distribution and lack of data from the southern end of the
peninsula. Although low irradiance and low chl-a concentra-
tion during winter months will not greatly affect overall esti-
mates, the contribution of spring and fall blooms associated
with the MIZ, fronts or topography might be larger than what
has been observed to date.

Historical chl-a and productivity data based on shipboard
observations for this region of the Southern Ocean (Tables 1
and 2) were obtained from a variety of sources including a lit-
erature review using the Cold Regions Database-Antarctic Bib-
liography, which provided citations on papers from the 1960’s
up through 1990. When published chl-a and productivity data
were presented only as figures (vertical profiles) and/or con-
tours, the graphs were scanned, and data retrieval software was
used to approximate numerical values from the graphs. We
also used the BIOMASS dataset [Thorley and Trathan, 1994]
which was compiled from three different international field
experiments in the Southern Ocean. The BIOMASS chloro-
phyll measurements were obtained from 1980 to 1985 primar-
ily from late spring (October) through early fall (May) with the
preponderance of data during summer (December - February).
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